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Abstract

With the increasing appreciation for the human microbiome coupled with the global rise of
antibiotic resistant organisms, it is imperative that new methods be developed to specifically target
pathogens. To that end, a novel computational approach was devised to identify compounds that
reduce the activity of urease, a medically important enzyme of Helicobacter pylori, Proteus
mirabilis, and many other microorganisms. Urease contains a flexible loop that covers its active
site; Glide was used to identify small molecules predicted to lock this loop in an open
conformation. These compounds were screened against the model urease from Klebsiella
aerogenes and the natural products epigallocatechin and quercetin were shown to inhibit at low
and high micromolar concentrations, respectively. These molecules exhibit a strong time-
dependent inactivation of urease that was not due to their oxygen sensitivity. Rather, these
compounds appear to inactivate urease by reacting with a specific Cys residue located on the
flexible loop. Substitution of this cysteine by alanine in the C319A variant increased the urease
resistance to both epigallocatechin and quercetin, as predicted by the computational studies.
Protein dynamics are integral to the function of many enzymes; thus, identification of compounds
that lock an enzyme into a single conformation presents a useful approach to define potential
inhibitors.
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1. INTRODUCTION

Urease is a key enzyme in medically and agriculturally significant organisms. This enzyme
catalyzes the hydrolysis of urea to ammonia and carbamic acid, which then decomposes to
bicarbonate and another molecule of ammonia.1® In agriculture, urea is both a plant
metabolite and a common component of fertilizer.8 Excessive urease activity present in soil
bacteria can rapidly metabolize exogenously applied urea, leading to unproductive
volatilization of ammonia and harmful soil alkalinization.6 For many pathogenic bacteria,
urease is a virulence factor that is associated with ammonia encephalopathy, hepatic coma,
pyelonephritis, and urinary stone formation.3: 7- 8 Most notably, Helicobacter pylori cells are
able to colonize the stomach lining by taking advantage of the pH increase from urea
hydrolysis, thus locally neutralizing the acidic environment. H. pylori infection can lead to
duodenal or peptic ulcers and gastric cancer, and, surprisingly, this microorganism is found
in gastric samples for up to 50% of the world’s population.®-11 The primary method of
treatment against H. pylori utilizes a proton pump inhibitor and two antibiotics, amoxicillin
and clarithromycin.12 With our increasing appreciation for the human microbiomel3 and the
rise of antibiotic resistance around the world4 it is becoming increasingly important to
develop new, specific methods for inhibiting pathogens. Urease provides an excellent target,
as it is required for H. pylori survival within the stomach. Given the environmental and
medical implications of urease, identifying compounds that inhibit urease’s enzymatic
function offers an exciting approach to develop both agriculturally useful fertilizer
amendments and potential therapeutic drugs.

Irrespective of the urease source, the overall enzyme structures exhibit widespread
similarities.1~® Generally, bacterial ureases have three subunits in a trimer-of-trimers
configuration (UreABC)s3, as epitomized by the proteins from Klebsiella aerogenes (Fig.
1A) and Sporosarcina (formerly Bacillus) pasteurii.1>-17 In some organisms, such as H.
pylori, a fusion of two genes (corresponding to K. aerogenes ureA and ureB) results in only
two subunits, in a [(UreAB)s]4 structure.18 In fungi and plants, all urease domains are
encoded by a single gene, such as for jack bean (Canavalia ensiformis), with the trimeric
protein forming back-to-back dimers [(a)3],.19 The structures of the urease active sites are
identical for all of these sources: two Ni2* ions are bridged by a carbamylated Lys and
water; one metal is further coordinated by two His and a terminal water molecule; and the
second Ni* coordinates another two His, an Asp, and a water (Fig. 1B).1 % 15-19 The
widespread structural similarities between the myriad of ureases ensure that an inhibitor for
one isozyme will likely inhibit other urease isozymes. We utilized a novel computational
approach to identify small molecules that reduce urease activity by preferentially binding to
an open configuration of a flexible loop (residues Thr308-Arg336 of K. aerogenes urease)2°
that covers the active site and contains a residue that is suggested to function in the catalytic
mechanism.1®

To test our predictions, we utilized the model urease from K. aerogenes. The wealth of
mechanistic and structural studies on K. aerogenes urease makes this isozyme an ideal initial
test platform to verify computationally identified potential inhibitors and compare with
actual experimental results.
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2. MATERIALS AND METHODS

2.1. Docking

We ran a docking study on the wide-open flap state of K. aerogenes urease. This wide-open
flap state was observed following a 100 nanosecond Molecular Dynamics (MD) simulation
on the K. aerogenes urease structure 1EJX.20 The FF99SB force field was used in the
AMBER suite of programs. The MD simulation was run in the isothermic, isobaric (NPT)
ensemble in TIP3P water. We used two ligand libraries from the ZINC database: the ZINC
natural products (ZNP) library with 180,313 ligands and the ZINC drug database (ZDD)
with 2,924 ligands.2 Docking calculations and ligand preparation were conducted using the
Schrédinger suite of programs, version 9.3.5 (Schrédinger, LLC). A 46 A x 46 A x 46 A
grid with 1 A spacing was generated in Glide22 centered on the active site residues, the two
nickels and the active site covering flap in order to dock the ligands. Default parameters
were used in Glide with the exception of a 40 A ligand length, 5 poses per ligand, 50,000
poses retained per run and no post-docking minimization. Of the 5 poses per ligand, only the
best scoring pose was retained for further analysis. Docking calculations were performed
using the Glide SP scoring function and the ligands receiving docking scores < —7.7 were
extracted. A docking score cutoff of —6.0 — determined by the quercetin control — was
initially employed, but this resulted in an extraction of 85,038 ligand poses. To address this
overabundance, the top 100 unique ligands of each sublibrary were observed, and the
highest-scoring ligand, kanamycin, was selected as the cutoff. A ligand length selection
criterion was enforced, restricting the length of the ligand to less than 40 A. The 40 A length
was calculated using a 3D structure with an active site cavity of approximately 12 A. Note
that this value was chosen to encompass the entire ligand library; as such, no ligands were
lost due to the 40 A cutoff. The control ligands were built using GaussView version 5.0%23
and optimized at the B3LYP/6-31+G* level of theory using the Gaussian09%* suite of
programs. A frequency calculation was performed to ensure an energy minimum was
located on the potential energy surface. The XYZ coordinates of quercetin and
epigallocatechin were converted to SDF formatted files in order to dock the ligands to
urease with Glide. Glide produced five possible conformational isomers and docked each to
the active site.

2.2 Molecular similarity

To calculate molecular similarity, we used the OpenBabel software suite to generate a
Molecular Access System (MACCS) key fingerprint for each of the six compounds, then
used these fingerprints to calculate the Tanimoto coefficient between each pair.

2.3. Site directed mutagenesis

The C319A variant urease was obtained by using Quick Change site-directed mutagenesis
(Stratagene) with pKK17 as the template, 5-GCTGATGGTCGCCCACCATCT-3 as the
forward primer, and 5-CGACTACCAGCGGGT GGTAGA-3’ as the reverse primer.2> The
C319A mutation was confirmed both by sequencing and by the reduced specific activity of
the purified protein.2®
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2.4. Urease assay

The activity of urease was determined by quantification of ammonia released by urea
hydrolysis.28 Enzyme was incubated in 50 mM urea, 50 mM 4-(2-hydroxyethy!)-1-
piperazineethanesulfonic acid (HEPES), and 0.5 mM ethylenediaminetetraacetic acid
(EDTA), pH 7.8, at 37°C. Ammonia was measured by the formation of indophenol and
monitored at 625 nm.26 One unit of urease activity is the amount of enzyme needed to
hydrolyze 1 umol of urea per min at 37°C.

2.5. Protein Purification

K. aerogenes urease and its C319A variant were purified from E. coli BL21(DES3) cells
containing pKK17 or pC319A by standard procedures (Table 1).27 Cells were grown
aerobically in lysogeny broth (LB) at 37°C to an ODggq of 0.4. Nickel ions (1 mM) and 0.5
mM isopropyl B-D-1-thiogalactopyranoside were added to the culture and growth was
continued another ~16 h aerobically at 37°C. Cells were harvested by centrifugation (11,000
g, 4°C, 10 min), resuspended in 20 mM tris(hydroxymethyl)aminomethane (Tris)/1 mM
EDTA/1 mM B-mercaptoethanol (BME)/500 mM NaCl/pH 7.5, lysed by sonification, and
the membranes were removed by centrifugation (100,000 g, 4°C, 1 h). Membrane- and cell-
free extracts were loaded onto to a DEAE-Sepharose column (2.5 cm diameter, 60 ml bed
volume) and eluted by a 0-1.5 M KCI gradient in 20 mM sodium phosphate/1 mM EDTA/1
mM BME/pH 7.4. The fractions with the highest activity were pooled and adjusted to a KCI
concentration of 1.5 M. Pooled fractions were loaded onto a phenyl-Sepharose column (2.5
cm diameter, 50 ml bed volume) and step eluted with 20 mM sodium phosphate/1 mM
EDTA/1 mM BME/pH 7.4. The fractions with the highest activity were pooled and dialyzed
against 20 mM Tris/1 mM EDTA/1 mM BME/pH 7.4 to exchange the buffer. Protein
concentrations were quantified by using Coomassie protein reagent (Bio-Rad) with bovine
serum albumin as the standard.

2.6. Urease inactivation assays

The K. aerogenes urease inactivation studies were performed in 100 mM HEPES, pH 7.8, at
37°C, containing the indicated concentrations of inhibitors. Anaerobic experiments were
conducted in a Coy anaerobic chamber (81% N2/7% H»/12% CO5).

2.7. Dialysis

The K. aerogenes urease protein was dialyzed in 10,000 molecular weight cut off cellulose
tubing against 20 mM Tris/1 mM EDTA/25 mM NaCl/pH 7.8 (6 times); or sequentially, 20
mM Tris/2 mM EDTA/25 mM NaCl/pH 7.8 (2 times), 20 mM Tris/1 mM EDTA/25 mM
NaCl/1 mM dithiothreitol (DTT)/pH 7.8 (2 times), followed by 20 mM Tris/1 mM EDTA/25
mM NaCl/pH 7.8 (2 times). All dialyses were conducted at 4°C for ~8 h with 500-fold
volume equivalents of buffer.
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3. RESULTS

3.1. Identification of potential urease inhibitors

Molecular docking experiments identified several compounds that potentially lock urease in
an open state by preventing the flap from closing (Table 2). The urease active-site region
without an inhibitor (Fig. 1B) can be visually compared to depictions containing each of the
potential docking ligands (Fig. 2A-2D) as well as to images of the computationally-bound
epigallocatechin and quercetin (Fig. 2E-2F). Whereas the Ne nitrogen of His320 is located
5.1 A from Ni-1 and 6.0 A from Ni-2 in wild-type enzyme, these distances increase to 8.1 A
and 9.1 A in the epigallocatechin-bound protein and 8.1 A and 8.7 A in the quercetin-bound
enzyme. Similar interactions were predicted for each of compounds in Table 2.

3.2 Molecular similarity

To evaluate the molecular similarity between the four compounds of interest and the two
control compounds in Table 2, we determined the Tanimoto coefficient scores between each
possible pair (Table 3). We chose a Tanimoto similarity cutoff of 0.85, as molecule pairs
with scores below this typically do not exhibit chemical similarity. With this cutoff only the
control molecules quercetin and epigallocatechin (T = 0.87) demonstrated a possibility for
MACCS similarity. Along with similarity scoring between compound pairs, we also
performed a similarity search of the ZNP and ZDD library for each of the compounds,
determining the number of ligands from each library that feature Tanimoto coefficients
greater than 0.85 (Table 4). Taking into account the sizes of the ZNP and ZDD libraries, few
similar ligands were found for any of the six molecules. In relative terms, desmosine and
labetalol received especially few hits, with desmosine scoring no hits when compared to the
ZDD. Caftaric acid produced a comparatively higher number of ZNP hits, though no hits
were found in the ZDD. Kanamycin produced a sizable quantity of overall hits, scoring the
most hits of the four new compounds from ZNP and the most hits of all six compounds from
ZDD. The two control compounds, quercetin and epigallocatechin, scored the most overall
hits.

For the four new compounds of interest, we took the ligands determined to be chemically
similar from the ZNP and ZDD libraries and determined the mean, median, and standard
deviation of their docking scores (Table 5). Note that the docking score for each of the four
compounds exceeds that of the mean docking scores for the similar compounds; in
particular, caftaric acid and labetalol exceed the means by greater than a standard deviation.

3.3. Assessment of urease inhibition by target compounds

The compounds depicted in Table 2 were screened as inhibitors against K. aerogenes urease,
a particularly well-characterized representative of this enzyme family. Caftaric acid,
desmosine, kanamycin, and labetalol, each examined at concentrations up to 600 uM,
showed little to no inhibitory activity against K. aerogenes urease (data not shown). In
contrast, however, the catechols epigallocatechin and quercetin cause urease to lose activity
in a time dependent manner at micromolar concentrations (Fig. 3A and 4A). The extent of
inhibition continued to increase even up to 4 h of exposure, indicating that loss of activity is
due to a slowly accumulating degradation product, that the compounds of interest are slow-
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binding inhibitors, or that a secondary reaction is required for inactivation. Each of these
possibilities was examined.

3.4. Epigallocatechin and quercetin are oxygen labile, but oxidation products do not
account for their inhibition of urease

Epigallocatechin-gallate is reported to have a half-life in solution of less than 30 min, with
the compound autooxidizing and forming dimers.28-30 Indeed, epigallocatechin undergoes a
rapid reaction in buffer containing oxygen as revealed by absorption changes in its
spectrum, whereas these spectral changes do not take place in the absence of oxygen (Fig.
5). Even more dramatic spectral changes have been reported for quercetin, which forms a
variety of degradation products including 3,4-dihydroxybenzoate, 2,4,6-trihydroxybenzoate,
and 1,3,5-trihydroxybenzene in aerobic solutions.31: 32 However, quercetin and
epigallocatechin retain the ability to inhibit urease even under anaerobic conditions (Fig. 6).

3.5. Effects of inhibitors on a variant urease lacking the active site cysteine residue

As shown in Figure 2E and 2F, epigallocatechin and quercetin are predicted to prop open the
flap covering the urease active site and feature at least one atom that is within 4 A of
Cys319, one of ten cysteine residues in the enzyme. To test whether this residue participates
in the inhibition by these compounds, we used a C319A variant that was previously shown
to retain ~60% of the activity of the wild-type enzyme.25 Consistent with the hypothesis that
these compounds would be less effective when using enzyme lacking Cys319, the C319A
urease was less sensitive to loss of activity by epigallocatechin and quercetin (Fig. 3B, 4B).
These results suggest that quercetin and epigallocatechin may bind to the flap region and
then form a covalent attachment to Cys319. Confounding this interpretation, these
compounds were still able to inhibit the enzyme weakly using C319A urease, raising the
possibility that other sites of interaction play a role in activity loss. Additional evidence
consistent with covalent adduct formation by these compounds is that quercetin- and
epigallocatechin-dependent activity loss of the enzyme was not reversed upon extensive
dialysis or by the addition of thiols (e.g., extended dialysis against buffer containing 1 mM
DTT; data not shown). These results suggest that after binding to the enzyme the catechols
react with a side chain to covalently modify the protein in a manner that is not simply
reversed by reductant; however, additional studies are required to confirm such covalent
modification of the protein by these compounds.

4. DISCUSSION

We have provided evidence suggesting a new mechanism for urease activity loss in which
compounds first bind to the enzyme so as to prop open the active site flap and then
covalently modify the Cys residue in the flap polypeptide. Two compounds appearing to
inactivate K. aerogenes urease by this mechanism are epigallocatechin and quercetin.

Epigallocatechin-gallate, a component of green tea, was previously reported to inhibit urease
from H. pylori and Saphylococcus saprophyticus;33: 34 however, the time dependence of
inhibition and covalent adduct formation, as demonstrated here, were not investigated in
those studies. Similarly, quercetin and its glycosides were previously identified as H. pylori
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urease inhibitors,3% 36 but the potential for time dependent activity loss and covalent
attachment were not examined. By contrast, inactivation of jack bean urease by other
catechols, such as baicalin and scutellarin, was shown to be time dependent, with thiols
protecting against inhibition;37: 38 notably, these compounds also were proposed to bind
near the flap Cys residue. In contrast to the thiol-dependent reversibility of catechol
inhibitors using the jack bean enzyme, however, thiols alone were unable to reverse
epigallocatechin- or quercetin-dependent inhibition of K. aerogenes urease, consistent with
inhibitor-dependent modification of the bacterial protein.

In conclusion, this work has demonstrated the feasibility of reducing urease activity by
identifying compounds that bind to the open-loop conformation of the protein and then
covalently react with a residue on this loop. Because protein dynamics are integral to the
function of many enzymes, the use of compounds that lock an enzyme into a single
conformation presents a useful approach to identify potential new inhibitors and
inactivators.
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Figure 1.
(A) The overall structure of K. aerogenes urease is depicted in cartoon format. The three

unique subunits are indicated by color; the trimer of alpha subunits (UreC) is depicted as
gray, the beta subunits (UreB) as orange, and the gamma subunits (UreA) as pink. Ni pairs
are shown as magenta Van der Waals spheres within the enzyme. The active site flaps,
contained within the alpha subunits, are colored red, with exception of the wide-open active
site flap (boxed), which is colored in blue. (B) Expanded view of the wide-open active site
flap and the nickel metallocenter (magenta spheres) with its coordinating ligands. The
coordination sphere consists of two His per nickel, a terminal water molecule per nickel, a
hydroxide bridging the nickels, a carbamylated Lys bridging the nickels, and a single Asp
residue, all depicted in licorice representation and colored by atom type. The Cys319 and
His320 residues of the active site flap are shown in CPK and colored by atom type. The
active site flap is again represented in blue cartoon representation.
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Figure 2.
Depictions of the best-scoring docking poses for each of 4 potential urease ligands (panels

A-D) and the 2 control ligands (panels E-F). In each figure, the active site flap is shown in a
blue cartoon representation, the Ni pair is shown as magenta-colored Van der Waals spheres,
the coordination sphere is shown in licorice representation colored by atom type, and the
docked ligand — as well as the Cys319 and His320 residues — are shown as CPK
representations colored by atom type. Shown in order are docked images of caftaric acid
(A), desmosine (B), labetalol (C), kanamycin (D), quercetin (E), and eipgallocatechin (F).

J Chem Inf Model. Author manuscript; available in PMC 2016 February 23.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Macomber et al.

Page 14
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Figure 3.
Comparison of the rates of urease inactivation by selected concentrations of quercetin. The

(A) wild-type enzyme and (B) C319A variant urease were incubated with 0 (O), 22 (M), 66
(@), 200 (®), or 600 uM (A) quercetin aerobically in 100 mM HEPES, pH 7.8, at 37°C and
the remaining activities measured at the times indicated. Error bars represent the standard
deviation of three independent experiments.
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A. Epigallocatechin: Wild type B. Epigallocatechin: C319A
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Figure4.
Comparison of the rates of urease inactivation by selected concentrations of

epigallocatechin. The (A) wild-type enzyme and (B) C319A variant urease were incubated
with 0 (OJ), 3 (m), 9 (@), 27 (), or 81 uM (A) epigallocatechin aerobically in 200 mM
HEPES, pH 7.8, at 37°C and the remaining activities measured at the times indicated. Error
bars represent the standard deviation of three independent experiments.
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Epigallocatechin spontaneously oxidizes in aerobic solutions. The UV-Vis spectra of (A)
anaerobic epigallocatechin (1.6 mM) and (B) anaerobic epigallocatechin (1.6 mM) after a 5
min sparge with air. All spectra were obtained over 2 h at room temperature (25°C) using

buffer containing 100 mM HEPES, pH 7.8.

J Chem Inf Model. Author manuscript; available in PMC 2016 February 23.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Macomber et al.

Page 17

Relative activity

o

i

Figure®6.
K. aerogenes urease is inhibited by quercetin and epigallocatechin when using anaerobic

conditions. Urease was incubated anaerobically with no inhibitor (blue), 600 UM quercetin
(green), or 81 uM epigallocatechin (red) for 4 h in 100 mM HEPES, pH 7.8, at 37°C and
assayed for enzyme activity. The black bar represents the relative activity at time zero. Error
bars represent the standard deviation of three independent experiments. The Student T-test
for two independent means with a significance level of 0.05 provides p values of 0.003 and
0.00001 for quercetin and epigallocatechin, respectively, versus no inhibitor.
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Table 1
The E. coli strain and plasmids used in this study.
Strain Genotype Source
BL21 (DE3)  dcmompT hsdS(rB~ mB~) gal\(DE3) Stratagene
Plasmids
pKK17 K. aerogenes urease cluster (ureDABCEFG) inserted into pKK22-3 39
pLEM12 ureCeaion Variant of pKK17 This study
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Docking scores, masses, and structures of four potential urease ligands obtained from the ZINC natural

Table 2

products and ZINC drug databases along with two control ligands.

Entry (ZN Number) [Sublibrary] | Docking score | Molecular weight Structure
Caftaric Acid -10.2 310.21 (@)
02389524 (o) (o)
Drug Database X7 0
HO, -~ OH
I\ o =
0" 0 OH
©
Desmosine -10.1 523.59 o ®
35024527
Drug Database 02C NH3
©
€0,
®NH,4
Labetalol -8.1 329.42 H,N (0]
00000416
Natural Products
OH
HO
®
HoN
‘CH
3
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Entry (ZN Number) [Sublibrary] | Docking score | Molecular weight Structure
Kanamycin =7.7 488.54 @®
08214590
Natural Products @® OH |':.|H3
HaN, .
NCIC)
HO NH; NHj
|
HO
HOY ™ “OH
OH
Quercetin —6.4 302.24 OH
03869685
Control
Epigallocatechin -6.0 306.27 OH

03870339
Control
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Number of compounds with Tanimoto similarity scores > 0.85 in ZINC Natural Products (ZNP) and ZINC

Table 4

Drug Database (ZDD) libraries.

Entry ZNP | ZzDD
Caftaric Acid 16 0
Desmosine 5 0
Labetalol 4 4
Kanamycin 69 7
Querctin 285 4
Epigallocatechin 83 4
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Page 23

Mean, median and standard deviation of docking score for all compounds with Tanimoto similarity scores
greater than 0.85.

Entry Mean | Median | St Dev | Docking Score
Caftaric Acid | -5.7 -5.3 1.8 -10.2
Desmosine -9.3 -9.9 1.2 -10.1
Labetalol -1.4 =17 0.5 -8.1
Kanamycin -7.5 =75 0.7 -7.7
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